Acute toxicity experiments with purified toxins show that four species of zooplankton differ markedly in their physiological sensitivity to cyclic peptide hepatotoxins from Microcystis ueruginosu (microcystin-LR1 and Noduluria spumigenu (nodularin). The copepod Diaptomus birgei was most sensitive (48-h LC,, for microcystin-LR ranged from 0.45 to 1.00 pg ml-l), Daphnia pulicuriu was least sensitive (48-h LCsO, 21.4 pg ml-l), and Daphnia hyulinu (48-h L& 11.6 pg ml-*) and D ap niu pulex (48-h LC&,, 9.6 pg ml-l) were intermediate in sensitivity.
Laboratory studies have shown that some strains of cyanobacteria inhibit feeding and increase mortality in zooplankton (reviewed by Lampert 198'7; de Bernardi and Giussani 1990) . Feeding, inhibition can be due to toxicity or physical interference by filaments and large colonies. Typically, a strain of cyanobacteria is considered toxic if zooplankton die more quickly in the presence of the cyanobacterium than without any food. Clearly, toxicity is a quantitative phenomenon, dependent on the dose of toxin, mode of exposure, and sensitivity of the target organism. The qualitative working definition of toxicity used in zooplankton-cyanobacteria studies is probably a consequence of practical difficulties in quantifying dose-dependent responses and separating the effects of toxicity and physical interference on feeding. Several studies have shown that. higher, concentrations of toxic cyanobacteria tend to cause more rap---
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This study was supported by NSF grant BSR 87-17564 to W.R.D. and by NSF U.S.-China collaborative grant INT 88-21561 to W.W.C. id mortality (e.g. Lampert 198 1 a, b; Fulton and Paerl 1987) . The actual dose of ingested toxin, however, depends on feeding behavior as well as cell concentration and cannot be directly controlled.
Zooplankton can exhibit both physiological and behavioral adaptations which enhance their ability to coexist with toxic cyanobacteria. Some species of zooplankton, including the rotifer Brachionus calycijlorus (Starkweather and Kellar 1983; Fulton and Paerl 1987) and the cladocerans Bosmina longirostris (F&on 1988) and Moina macrocopa (Hanazato and Yasuno 1987 ) are resistant to toxic cyanobacteria which cause rapid mortality in other zooplankton species. The possibility of evolved, physiological resistance gains more direct support from the finding that Daphnia pulex from a lake in Vermont is able to grow and re:-produce on a diet of Anabaena afinis from the same lake, whereas clones of D. pu1e.x from nearby bodies of water suffer rapid mortality when fed the same cyanobacterium (Gilbert 1990, unpubl.) .
The ability of copepods to discriminate between toxic and nontoxic taxa of cyano-1346 Toxic cyanobacteria 1347 bacteria is clearly an adaptive behavior and should directly favor the ecological success and evolution of toxic strains of cyanobacteria (DeMott and Moxter 1991) . Lampert (198 lb) pointed out that even nonselective feeders could contribute to the success of toxic strains if feeding inhibition is rapid and toxic strains exhibit patchy distributions. He observed that even low concentrations of toxic Microcystis aeruginosa rapidly (< 10 min) inhibited feeding in Daphnia pulicaria and that the feeding rate quickly recovered when the toxic cells were removed (Lampert 198 1 b, 1982) . Feeding inhibition could be either a behavioral adaptation to avoid ingesting toxins or a direct consequence of poisoning.
Field studies have documented strong differences in the mouse toxicity of plankton samples taken only 10 m apart (Carmichael and Gorham 198 1) . There is also evidence that zooplankton avoid depths where toxic species are abundant . A positive correlation between grazing pressure by Daphnia and the specific toxicity of Microcystis-dominated blooms in a reservoir provides further credibility for the hypothesis that toxins have evolved as chemical defenses against grazers (Benndorf and Henning 1989) .
Several toxins have been isolated from cyanobacteria and then purified, identified, and used in biochemical and pharmacological studies with mammals, isolated tissues, and cell cultures (reviewed by Carmichael 1988; Carmichael et al. 1990 ). The beststudied toxins are the microcystins produced by Microcystis and Oscillatoria. Microcystins are cyclic heptapeptides comprised of five amino acids common to all variants and two variable L-amino acids.
Many studies have focused on microcystin-LR (LR refers to leucine and arginine in the variable positions). A 2-yr study in a hypertrophic reservoir showed that microcystin-LR was consistently the most abundant of four microcystins isolated from scums of M. aeruginosa (Wicks and Thiel 1990) . Studies with M. aeruginosa show that production of the toxin microcystin-LR differs markedly between strains (Watanabe et al. 1988) and is also influenced to a lesser degree by culture conditions (Watanabe and Oishi 1985) . Microcystin-LR typically comprises O.l-1.0% of the dry weight of toxic strains of M. aeruginosa. Most strains that have been chemically analyzed, however, produce at least trace quantities of the toxin (W. W. Carmichael pers. obs.). Wide variability in toxin content further underscores the importance of quantifying the sensitivity of zooplankters to toxins, rather than attempting to categorize strains of cyanobacteria as toxic or nontoxic.
In this study we examined the effects of purified toxins, cell extracts, and readily ingested cyanobacteria on the survivorship and feeding of four species of zooplankton. Experiments with dissolved, purified toxins provided a means for quantifying physiological sensitivity to toxins and thus for separating the effects of physiological sensitivity and feeding behavior. Data on sensitivity to purified microcystin-LR, feeding inhibition, and feeding selectivity are compared with the results of life-table survivorship experiments with toxic Microcystis. Zooplankton were chosen to allow comparisons between a taste-discriminating copepod and nondiscriminating daphnids (DeMott 1990) and among three species of Daphnia: two lake species which coexist with toxic cyanobacteria and a species from a temporary habitat where planktonic cyanobacteria are scarce.
Methods
Experimental animals -Lake zooplankton were collected with vertical plankton net tows from Crooked Lake and Little Crooked Lake, two interconnected, hardwater lakes near Columbia City, Indiana. Both often develop dense populations of cyanobacteria dominated by Aphanizomenon flos-aquae and Oscillatoria rubescens (Konopka 1989) . Adult females of Diaptomus birgei, D. pulicaria, and Daphnia hyalina were sorted into filtered Crooked Lake water (GFK glass-fiber) and used within 24 h in acute toxicity tests or feeding experiments. D. pulicaria was also cultured in filtered lake water with the alga Chlamydomonas reinhardi (UTEX 90) Toxic cyanobacteria, puriJied toxins, and cell extracts-Feeding and survivorship experiments involved purified toxins, cell extracts, and readily ingested cyanobacteria. We used two morphologically similar strains of M. aeruginosa, one (PCC7820) toxic to mice and the other (UTEX 206 1) nontoxic to mice (hereafter toxic Microcystis and nontoxic Microcystis). T:he PCC7820 strain of M. aeruginosa produces a monocyclic heptapeptide hepatotoxin called microcystin-LR (MCYST-LR; MW 994). This strain of M. aeruginosa has been used frequently in toxicological studies with mice, rats, and pigs (see Carmichael et al. 1990 ). LDso values for intraperitoneal injection in mice are typically 50 pg kg-' boldy wt for purified microcystin-LR and 40-50 mg dry wt kg-* body wt for lyophilized cells. The PCC7820 strain of M. aeruginosa has been shown to be lethal to Daphnia magna (Nizan et al. 1986 ) and Daphnia parvula (Fulton 1988) . The second strain of M. ,aeruginosa, UTEX 206 1, is nontoxic to mice: at a dose of 1,500-2,000 mg dry wt kg-l body wt (W. W. Carmichael unpubl. obs.). Both strains grew primarily as single spherical cells (6-pm diam, including a thin gelatinous sheath) with occasional doublets. The dry weight of the toxic Microcystis (m'ean + SE for three replicates) is 2.04 40.22 X 1 O--5 pg cell-'.
Survivorship and feeding experiments were also conducted with Anabaena jlosaquae NRC 525-17 which contains a potent anticholinesterase toxin termed anatoxina(s) (Matsunaga et al. 1989 ). This strain grew as "filaments" 2-3 cells long with a cell diameter of 9 pm. The three strains of cyanobacteria as well as the green flagellate C: reinhardi (UTEX 90, 6 x 7 pm) were cultured in 250-ml Erlenmeyer flasks with a modified MBL (Stemberger 198 1) or BG-11 medium (Stanier et al. 197 1) .
The peptide toxin microcystin-LR was extracted from toxic Microcystis with a solution of butanol, methanol, and water (5 : 20 : 75) and purified with reverse-phase high-performance liquid chromatography (HPLC) (Krishnamurthy et al. 1986) . A similar technique was used to extract and purify the toxin of Nodularia spumigena L5 7 5, a brackish-water filamentous cyanobacterium. This strain produces a potent hepatotoxic pentapeptide (MW 824) termed nodularin (NODLN), with chemical and toxicological properties similar to those of microcystin-L,R (Carmichael et al. 1988 ). Toxicities of the purified peptide toxins were tested intraperitoneally with ICR-Swiss male mice. The stock solutions of both purified toxins (100 pg ml-l) were kept frozen until needed. Both toxins were recovered from the solutions after the completion of the experiments with a C-18 column (Bond-Elute). The toxicities of the recovered toxins were tested again with the mouse bioassay and compared with toxicities obtained at the beginning of the tests.
A cell extract was made from lyophilized cells of toxic Microcystis for use in an acute toxicity experiment. Lyophilized cells were weighed and extracted in butanol, methanol, and water (5 : 20 : 75). The extract was centrifuged and the supernate was air-dried, dissolved in faltered lake water, and filtered through a 0.45-pm methylcellulose filter. The filtrate was then used the same day in an acute toxicity experiment with D. birgei. The concentration of extract is expressed in terms of the dry weight of cells used in its extraction. Because we did not use HPLC to purify the cell extract, it contained microcystin-LR as well as unidentified secondary metabolites which are produced by the toxic Microcystis.
Acute toxicity tests with pur$ed toxins and cells extracts-The effects of purified toxins on survivorship were tested by placing adult zooplankters in beakers containing filtered lake water (GF/C) and dissolved toxin and observing mortality over 24-96 h. Experiments with purified toxins and the three lake zooplankters (D. pulicaria, D. hyalina, and D. birgei) were run simultaneously in the same beakers. For an experiment with microcystin-LR, four adults of each of the Crooked Lake species were sorted into beakers containing 40 ml of water and the appropriate concentration of toxin. The toxin concentrations were 0.0, 0.5, 2.0, 10, 20, and 50 pg ml-l and four replicate beakers were used for each concentration. A low concentration of C. reinhardi (2,000 cells ml-l) was supplied as food initially and after 24 h. The effect of microcystin-LR on D. pulex was tested over the same range of concentrations with eight individuals in each of two 40-ml beakers for each concentration. The effect of nodularin on the three lake zooplankton species was tested at concentrations of 0.0, 0.5, 2.0, 10.0, and 20.0 pg ml-' with four replicate beakers each containing five individuals of each species.
Additional single-species tests were run with 13. birgei-the most sensitive speciesat concentrations of 0.0, 0.5, 1 .O, 2.0, and 5.0 pg ml-l of each toxin. Ten adult females were placed in beakers with 50 ml of filtered lake water and dissolved toxin. There were three replicate beakers for each concentration and Chlamydomonas was provided as food as in the multispecies tests. Both survivorship and swimming behavior were observed every 2 h during the first 24 h of each test and daily over the following 2 d.
The toxicity of a cell extract of toxic Microcystis to D. birgei was tested at concentrations of 0.0, 1.0, 2.0, 5.0, and 10.0 mg ml-' dry wt of cells. Chlamydomonas was provided as food as in the previous acute toxicity tests. There were ten 1 OO-ml bottles for each concentration and each bottle contained three ,adult female copepods.
For each experiment and each species we estimated values of 24-and 48-h L(& and their confidence intervals with the SAS ( 19 8 9) PROBIT procedure after correcting for mortality in the controls (beakers with 0.0 pg ml-l).
Feeding inhibition experiments-We used short-term radiotracer feeding trials to examine the effects of exposure time to cyanobacteria or purified toxins on the inhibition of feeding on the high-quality green alga C. reinhardi. On the day before each feeding trial, zooplankters from plankton tows or D. pulex from a laboratory culture were sorted into bottles containing 150 ml of filtered lake water and a low concentration of Chlamydomonas (2,000 cells ml-l). Clearance rates were measured by adding a low concentration of 14C-labeled Chlamydomonas (l,OOO-2,000 cells ml-l) and allowing the animals to feed for 10 min on the labeled suspension. There were five treatments for each experiment: a control without added cyanobacteria or toxin, a "time-O" treatment in which cyanobacteria or purified toxin were added at the beginning of the lo-min feeding trial, and treatments in which clearance rates for Chlamydomonas were measured after 2, 6, or 18 h of exposure to a cyanobacterium or a purified toxin Each bottle contained 5-l 0 adult females of each of the three lake species or 5-l 0 individuals of D. pulex; there were three replicate bottles for each treatment. Moderate concentrations of cyanobacteria (0.2 ,ug dry wt ml-l) and purified toxins (1 .O pg ml-l) were used to minimize the effects of food concentration per se and to avoid toxin-induced mortality.
Methods for using H14C03-to label Chlamydomonas followed DeMott (1988) . Clearance rates (ml ind.-' h-l) were calculated by comparing the specific activities (dpm ind.-') of the animals with the specific activities (dpm ml-') of the suspended particles. Specific activities of the suspended particles were estimated by filtering 3 or 5 ml of feeding suspension from each trial through a 25 mm GF/F glass-fiber filter. To avoid loss of radioactive label, we anesthetized animals with carbonated water and immediately sorted them into scintillation vials after each 10-min feeding trial. Animals and filters were placed in separate vials and solubilized with 0.5 ml of tissue solubilizer (TS-2, Research Products Int.). Glacial acetic acid (50 ~1) was then added to neutralize the solubilizer, and vials were filled with 10 ml of scintillation fluor (Budget-solve HPF, Research Products Int.). Radioactivity was determined with a liquid scintillation spectrophotometer (Tracer Analytic Delta 300). Basic methods for scin- Table 1 . Estimates of LC,, values and their 95% C.I. for zooplankters exposed to purified toxins from Microcystis aeruginosa (microcystin-LR; M + H = 995 daltons) and Nodularia spumigena (nodularin; N +H = 825 daltons). tillation counting and calculation of feeding rates followed (DeMott ll?SS). Feeding inhibition was tested1 by performing one-way ANOVA on log-transformed clearance rates.
E&e table experiments with toxic and nontoxic algae-The effects of toxic cyanobacteria on survivorship were tested in life table experiments with newborn (<24-h old) D. pa&curia and D. pulex and adult female D. birgei. Individual newborn daphnids from laboratory cultures were placed in beakers or vials with 30 ml of filtered lake water. Treatments included no added food ("starved"), Chlamydomonas, nontoxic Microcystis, and various concentrations of toxic cyanobacteria. Survivorship was checked daily ancl water and algae were changed every 2 d. There were 15 individuals per treatment for D. pulicaria and 30 per treatment for n. pulex. Survivorship of D. birgei was tested with field-collected adult females, a method similar to that of Burns and Xu (1990) . Experime:nts with D. birgei included three animals per 30-ml beaker and 10 replicate beakers per treatment for experiments with toxic Anabaena and 10 animals per 150-ml bottle and three replicate bottles per treatment for experiments with Microcystis.
Following the recommendations of Pyke and Thompson (1986) survivorship data were analyzed by the SAS ( 1989) LIFE-TEST procedure, which is, a nonparametric procedure for comparing survivorship functions when some individuals do not die during the experiment, either because it was terminated before all organisms died or because some individuals were lost during the experiment. Statistical comparisons between survivorship curves are based on the log-rank test.
Results
Acute toxicity tests with purz$ed toxins and cell extracts-The purities of both microcystin-LR and nodularin were determined to be >98% by HPLC. LD50 values .for intraperitoneal injection in mice were -50 pg kg-' body wt for microcystin-LR and 60 pg kg-' body wt for nodularin. Typical hepatotoxic symptoms were observed for both toxins when the intoxicated mice were autopsied and examined histologically (see Carmichael et al. 1990) . A second set of mouse bioassays conducted with recovered toxin after the completion of our zooplankton experiments revealed no detectable loss of toxicity.
Adults of the four zooplankton species exhibited a wide range of sensi tivities to the purified toxins. LC50 values for microcystin-LR show that D. pulicaria is least sensitive, D. birgei is most sensitive, and the other two Daphnia species are intermediate in sensitivity (Table 1) . A more detailed examination of the survivorship data emphasizes the extent of these species differences. posure to microcystin-LR, B. pulicaria exhibited only background mortality (O-3 deaths per treatment, including two deaths in controls), whereas D. birgei exhibited complete mortality in the 10, 20, and 50 pg ml-' treatments and almost complete mortality in the 2.0 pg ml-' treatment (14 of 16 dead).
Experiments with microcystin-LR and nodularin resulted in the same ranking of the three lake species and similar ranges of LCsO values (Table 1) . Estimates of L&, for D. birgei from the multispecies and singlespecies tests are similar with a tendency for lower values in the single-species tests (Table 1). Survivorship curves for the detailed single-species tests with D. birgei show regular patterns of dose-dependent survival (Fig. 1) . The single-species test with D. pulex and the multispecies tests with the three lake species also exhibited regular patterns of dose-dependent survival (Table 1) .
Behavioral responses of D. birgei to purified toxins were also observed. Following exposure to purified toxins, copepods exhibited gradual decreases in their swimming speeds and abilities to escape capture by a pipette. Nearly unresponsive individuals lav on the bottom of the beaker during the minutcs or hours before death.
Cell extracts of toxic Microcystis also caused dose-dependent mortality in D. birgei (Fig. 2) . The concentration of cells (dry wt) needed to produce a lethal effect was about three orders-of-magnitude greater than the concentration of purified toxins needed to produce the same response. The 24-and 48-h LC&, values (95% C.L.) for cell extracts were 2.13 (1.83-2.53) and 1.06 (0.74-l .28) mg ml-'.
Feeding inhibition experiments-Experiments in which the three lake zooplankton species fed in the same experimental bcakers revealed consistent differences between the copepod, D. birgei, and the two daphnids, D. hyalina and D. pulicaria. The clearance rate of D. birgei for Chlamydomonas was not significantly inhibited by the pres-1 ence of moderate concentrations of toxic cyanobacteria but did show a sharp decline after 18 h of exposure to each of the purified toxins at a concentration of 1 pg ml-l ( Fig.  3 ; both P <= O.OOl), a concentration similar to estimates of 24-h LC,, values (Table 1) . In contrast, the two species of Daphnia exhibited rapid declines in their clearance rates in the presence of both toxic Anabaena and toxic Microcystis (all P <: O.OOl), but exhibited little or no response to the purified toxins at a concentration of 1 pg ml-l -well below their LCsO values. None of the three species showed a significant response to the presence of nontoxic Microcystis.
The presence of toxic Microcystis also caused a significant inhibition of feedine in Fig. 3 . Inhibition of feeding on Chlamy&)monas by three lake zooplankton species with increasing exposure time to moderate concentrations of toxic Anabaena (5,000 cells nil-'), toxic Microcystis (10,000 cells ml-l), nontoxic Microcystin (10,000 cells ml -I), or purified toxin (1.0 pg ml-'). The first bar in each set represents feeding rates in the absence of the cyanobacterium or toxin. Successive bars represent clearance rates during the first 10 min of'exposure and after 2, 6,and 18h.
D. pulex (P < 0.0 1; Fig. 4) . In comparison to the two species of Daphnia, however, feeding inhibition in D. pulex appeared to be delayed in time and reduced in magnitude. After 6 h of exposure to toxic Microcystis, the clearance rates of D. hyalina and D. pulicaria were only 19 and 11% of their respective control values. In contrast, the clearance rate of D. pulex was 90% of its control value after 6 h of exposure and 50% of the control value after 18 h of exposure.
Life table experiments with toxic cyanobacteria-D. birgei, D. pulicaria, and D. pulex differed in theiir ability to survive when Both species of Daphnia exhibited good survivorship in the presence of nontoxic Microcystis (P -C 0.00 l), but differed markedly in their sensitivity to toxic Microcystis (Fig. 5) . In comparison to the starvation treatment., the survivorship of D. pulicaria was moderately reduced by the high concentration of toxic Microcystis (P < 0.00 l), unchanged by the intermediate concentration of toxic Microcystis (N.S.), and improved by the low concentration of toxic Microcyst2's (P < 0.03). In contrast, D. pulex exhibited rapid mortality at all three concentrations of toxic Microcystis (each P < 0.001). All three species of zooplankton showed high survivorship when fed Chlamydomonas (survivorship > 0.90 for each species; data not shown).
Life table experiments with toxic Anabaena revealed little or no difference in the sensitivities of D. pulicaria and D. birgei. Both species exhibited rapid mortality at concentrations of 1 OS and 1 O4 cells ml-' (both species and both concentrations, P c 0.00 1) and better survivorship at a concentration of lo3 cells ml-' (both N.S.; Fig. 6 ).
Discussion
Our study is the first to compare the effects of purified toxins and toxic cells of cyanobacteria on the survivorship of zooplankton. Acute toxicity experiments revealed marked differences among zooplankton species in their sensitivities to dissolved toxins but very similar responses by each zooplankton species to two hepatotoxins, microcystin-LR and nodularin. Previous studies have shown that microcystin-LR and nodularin have similar chemical and toxicological properties and that these toxins are the cause of liver hemorrhage and death when our strains of toxic Microcystis and Nodularia are injected into mice and other vertebrates (Carmichael et al. 1988) .
The lethal doses of dissolved, purified toxin for zooplankton seem quite high when one considers that microcystin-LR comprises only a small fraction of the biomass of toxic Microcystis. Nevertheless, a comparison of the responses of 23. birgei to purified toxin and a cell extract is consistent with the hypothesis that microcystin-LR is the primary cause of zooplankton mortality in our strain of toxic Microcystis. The 48-h LC,, estimates for purified toxins range from 0.04 to 0.1% of the 48-h LCSO estimate for the cell extract (0,45-l .OO pg ml-l vs. 1.06 mg ml-l). The microcystin-LR content is typically -O.l-0.3% of the dry weight of toxic Microcystis, so the toxicity of microcystin*LR alone can account for the toxicity of the unpurified cell extract. On the other hand the possibility that our strain of toxic Microcystis produces other toxins in sufficient quantity to contribute to toxic effects on zooplankton cannot be excluded.
Because the effects of toxins can vary dramatically with the mode of delivery, there is no reason to expect that comparable con-centrations of dissolved and ingested toxins would have comparable effects. For example, Dahlem et al. (1989) reported that even at doses 30 times the intraperitoneal or intravenous lethal dose, oral doses of microcystin-LR failed to produce toxic effects in rats.
Three previous studies have tested the effects of crude or partially purified cell extracts from hepatotoxic cyanobacteria on zooplankton. Stangenberg (1968) showed that crude extracts of 111. aeruginosa can cause dose-dependent mortality in Daphnia longispina and an ostracod, but presented concentrations in relative units. Peiialoza et al. (1990) reported that two cladocerans, a rotifer, and a fish exhib:ited similar sensitivities to a partially purified peptide obtained from phytoplankton dominated by Microcystis sp. Finally, Gliwicz and Lampert (1990) found that crude cell extracts from a strain of Cylindrospermopsis raciborskii which had been shown to be hepatotoxic to mice did not cause increased mortality in three species of Daphnia at concentrations equivalent to 560 fig C ml-l of cells (-1 mg ml-' dry wt). From this result they concluded that feeding inhibition in the presence of live cells was due to physical interference from filaments rather than the effects of toxin. Our results show, however, that very high concentrations of dissolved toxin are needed to cause mortality in daphnids (equivalent to -10 mg ml-* dry wt of toxic Microcystis), but that much lower densities of toxic cells can strongly inhibit feeding (10,000 cells ml-l toxic Microcystis; 0.2 hg ml-' dry wt) and cause mortality when ingested. Gilbert (1990) found that low concentrations of a crude extract of toxic A. afinis (-0.4 pg ml-" dry wt of cells) caused mortality in D. pulex and Daphnia ambigua within 10 d. Thus, zooplankton can be much more sensitive to dissolved toxins from Anabaena than from hepatotoxic Microcystis. Such differences are not surprising for toxins with different chemical structures and modes of action.
Our feeding inhibition experiments showed differences between daphnids and a Calanoid copepod (D. birgei), and between two lake daphnids (D. pdicaria and D. hyalina) and a pond species (D. pulex). In agreement with previous studies (reviewed by Lampert 1987) , the clearance rates of daphnids were inhibited by the presence of moderate concentrations of toxic cells, whereas the copepod exhibited uninhibited feeding. L,ampert (1982) observed that the feeding of D. pulicaria was less inhibited by a toxic strain of Microcystis than were other species of Daphnia, including D. pulex, whereas we observed that D. pulex was less inhibited than D. pulicaria. Such differences could be due to differences between the strains of Microcystis or Daphnia used in the experiments. Most previous studies have manipulated the concentration of toxic cells while keeping the acclimation time constant (e.g. Lampert 198 la,b; Fulton and Paerl 1987) ; our study is the first which systematically examined the time-course of the feeding inhibit,ion response. We minimized the effects of concentration per se by using relatively low concentrations of cyanobacteria and by using both toxic and nontoxic strains of Microcystis.
Feeding inhibition could either be an adaptive behavior to avoid eating toxic cells or a direct consequence of a weakened condition due to poisoning. If feeding inhibition is a direct consequence of poisoning, one would predict that the Daphnia species which is most sensitive to purified microcystin-LR (i.e. D. pulex) would show the: strongest feeding inhibition. On the con-, trary, we found that the less sensitive Daphnia species (0. pulicaria and D. hyalina) exhibited stronger and more rapid feeding inhibition. These results are consistent with the notion that rapid feeding inhibition in these less sensitive species represents an adaptive behavioral response. In support of this behavioral hypothesis, Lampert (198 1 aj noted that the feeding rate of D. pulicaria recovered very quickly following the removal of toxic Microcystis. On the contrary, strongly reduced feeding by D. birgei after 18 h of exposure to dissolved toxins was probably a direct consequence of poisoning. Although we checked to ensure that all D. birgei were alive at the time of the feeding trials, they were clearly in a weakened state after 18 h of exposure to 1 pg ml-' of the purified toxins, a concentration equivalent to our estimate of the 24-h IL& in the mul,-tispecies test. D. pulex began to die after 24 h of exposure to lo4 cells ml-' of toxic Microcystis, so the gradual decline in its feeding rate was probably, at least in part, a symptom of toxicosis.
Our strain of toxic Anabaena contains a very potent and fast-acting nerve-blocking agent. Thus, it seems likely that physiological effects are at least partly responsible for the rapid inhibition of feeding by D. puiicaria and D. hyalina in the presence of this cyanobacterium. Previous studies have shown that even exudates from toxic Anabaena can inhibit feeding by cladocerans and copepods (Ostrofsky et al. 1983; Burns et al. 1989) .
Survivorship in the presence of toxic cyanobacteria depends on both the physiological sensitivity of the test organism and on the dose of ingested toxin. As in previous studies (e.g. Lampert 198 la; Fulton and Paerl 1987) , our experiments show that higher concentrations of toxic cyanobacteria cause greater and more rapid mortality. The results for D. pulicaria feeding on toxic Microcystis are especially interesting, because survivorship relative to starvation was reduced, unaffected, or enhanced, depending on the concentration of toxic cells. Toxic cells should have some energy value, so comparisons between toxic and nontoxic Microcystis are probably a more realistic measure of the effects of toxicity than are comparisons between toxic Microcystis and starvation. Previous studies have shown that some strains of Microcystis, presumably ones with low toxin levels, can support good growth and survivorship in Daphnia (see de Bernardi and Giussani 1990) .
Our experiments with toxic Microcystis revealed marked differences in the survivorship of D. pulicaria, D. pulex, and D. birgei. These species differences can be understood by combining the results of previous studies of feeding selectivity with our estimates of physiological sensitivity and feeding inhibition. Previous studies have shown that daphnids do not select between toxic cyanobacteria and nontoxic algae of similar size (e.g. Lampert 198 1 a), whereas copepods can selectively avoid eating toxic cyanobacteria (Fulton and Paerl 1987; DeMott and Moxter 199 1) .
In comparison with D. pulex, the markedly better survivorship of D. pulicaria in the presence of toxic Microcystis is associated with both lower physiological sensitivity to purified toxin and stronger feeding inhibition in the presence of toxic cells. Comparisons between D. pulicaria and D. pulex are interesting because these two species are difficult to differentiate on the basis of morphological characteristics. Surveys in northern Indiana with electrophoresis have identified many lake populations of D. pulicaria and no lake populations of D. pulex (D. Taylor pers. comm.). Cyanobacteria are abundant in these hard-water lakes, but are rare in the swamps, marshes, and temporary ponds typically occupied by D. pulex. Assays with a monoclonal antibody to microcystin (Chu et al. 1989 ) indicated the presence of the toxin in Little Crooked Lake, probably associated with 0. rubescens (Carmichael pers. obs.). Thus, differences between these two Daphnia species may reflect their current and evolutionary exposures to toxic cyanobacteria. Hrb%kovh and HrbZek (197 8) found that D. pulicaria exhibited better growth and survival than D. pulex when both were fed natural seston from a eutrophic reservoir. Although they concluded that D. pulex exhibits higher food requirements for growth, the possibility that D. pulex was more sensitive to toxic cyanobacteria in the natural seston cannot be excluded. Further studies are needed. to determine whether sensitivity to toxins differs consistently between species or, as suggested by Gilbert (1990, unpubl.) , varies within species in response to differing selective pressures within individual lakes and ponds.
In contrast to the situation with cladocerans, only one previous study examined the effects of cyanobacteria on the survivorship of Calanoid copepods and that study used presumably nontoxic species (Burns and Xu 1990) . Studies with marine copepods have shown that toxic dinoflagellates are strongly discriminated against but, nonetheless, inhibit feeding on nutritious algae, produce adverse physiological effects, and reduce survivorship (Huntley et al. 1986; Sykes and Huntley 1987) . Because feeding studies with freshwater calanoids have shown both selective avoidance of toxic cyanobacteria and little or no feeding inhibition (e.g. Fulton and Paerl 1987; DeMott and Moxter 199 l) , we initially expected that D. birgei would be relatively invulnerable to toxic cyanobacteria.
A recent study has shown that D. birgei exhibits a clearance rate for toxic Microcystis equal to only -5% of its clearance rate for C. reinhardi when the cyanobacterium is presented alone or in the presence of Chlamydomonas (DeMott and Moxter 199 1). However, our experiments with purified toxins suggest that the copepod's feeding selectivity is directly offset by a 20-fold lower L&, for purified toxin, relative to D. pulicaria. Given the offsetting effects of feeding selectivity and physiological sensitivity, the strong feeding inhibition exhibitecl by D. pulicaria and the lack of feeding inhibition exhibited by ,?j. birgei appear to account for the better survivorship of the daphnid relative uo the copepod. Our life table experiments involved only single food resources, so feeding selectivity and feeding inhibition are essentially equivalent. Clearly, the selective feeding capabilities of copepods are advantageous when toxic and nutritious foods are intermixed. The greater physiological sensitivity of D. birgei to purified toxin is probably an evolutionary consequence of the copepod's ability to avoid ingesting toxin-bearing cells. Our study demonstrates, however, that even strong feeding selectivity does not offer complete protection from the lethial effects of toxic cells.
Based on a detailed review of the literature, Haney (1987, p. 470) concluded that there is no evidence for "direct effects of cyanobacterial toxicity on zooplankton from field studies." Our results, together with other recent studies, suggest that the ecological and evolutionary interactions between zooplankton and toxin-producing cyanobacteria merit more careful study. Recent surveys indicate that -25-50% of natural blooms of cyanobacteria are lethally toxic to mice (Repavich et al. 1990; Sivonen et al. 1990 ). Toxic strains can be readily isolated from blooms that are not lethal to mice (Sivonen et al. 199O) , so the absence of toxic strains may be exceptional. Our understanding of the chemical ecology of cyanobacteria can be enhanced by combining traditional ecological methods with new techniques, including toxicity testing with purified toxins and making use of HPLC and monoclonal antibodies to characterize toxins from natural waters.
